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Abstract 
     The production of small volume silicic rocks in areas of oceanic crust is understood with less 
certainty than the production of silicic rocks in a continental setting.  While the anatexis of silicic 
continental crust produces rhyolites within a continent, it is unlikely to occur in Iceland, an 
island composed of basaltic oceanic crust.  After analyzing rhyolitic samples I collected from 
multiple locations throughout Iceland and samples from the Valles Caldera, a large volume 
rhyolitic body in New Mexico, chemical and petrologic differences between the samples 
confirmed that different processes form continental and island rhyolites.  Trace element 
geochemistry of Icelandic rhyolite samples shows that closed-system crystal fractionalization is 
likely the primary driver behind the production of silicic magmas in oceanic island settings, 
although it has previously been argued that the anatexis of altered basaltic crust also plays a 
role.  Variations in degrees of fractionation of parental melt and parental melt chemistry are 
responsible for chemical variations within Icelandic samples.  Contrastingly, liquid-state 
differentiation is the source of a lone geochemical outlier amongst Valles rhyolites.  For this 
question of island rhyolite genesis to be answered with greater certainty, a more in depth and 
complex study would need to be conducted. 
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Chapter I:  Background and Sample Collection 
 
     During the course of two field classes focused on igneous rocks, one in New Mexico and one in 
Iceland, I have collected and analyzed large volume continental rhyolites as well as small volume 
oceanic island rhyolites.  Due to Iceland’s location above the mid-ocean spreading ridge, and its 
lack of silicic crust, the process for how rhyolites are generated at all is a perplexing topic.  By 
comparing various rhyolite samples from across Iceland with large volume rhyolites formed in 
the Valles Caldera in the Jemez Mountains of New Mexico, I hope to better understand the 
genesis of Icelandic rhyolites.   
 
Iceland 
 
     Iceland occurs where the mid-Atlantic spreading ridge overlies a mantle plume, which is 
responsible for Iceland’s elevation above sea level.  Iceland is almost entirely basalt, a result of 
the decompression of the mantle, which leads to melting beneath the spreading ridge.  The 
plume’s elevated heat has led to buoyancy and increased volcanism, pushing up the thickening 
crust as it is extruded to create the island.  The spreading ridge, which lies beneath the ocean for 
the rest of its length, splits and recombines within Iceland (Figures 1.1, 1.2), expressed as two 
separate volcanic zones above the surface.  Since the magma that forms the island’s basalt 
originates from the mantle and does not interact with overlying silicic crust—as it could on a 
continent—the generation of rhyolites is somewhat anomalous.  There are two prevailing 
theories on the genesis of the Icelandic rhyolites:  That the silicic magma is created through the 
anatexis of the altered basalt crust, or that the silicic magma is created through extreme 
fractional crystallization.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
      Figure 1.1: Iceland is an elevated plateau in the middle of the North Atlantic, situated at the junction between the Reykjanes and 
Kolbeinsey Ridge segments. Also shown: the axis of the Mid-Atlantic Ridge (heavy solid line), the North Atlantic basalt plateau 
(black) and their submarine equivalents (grey). The line with the dots shows the position of the Iceland mantle plume from 65 
million years to the present day.  Modified from Thordarson (2012) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Figure 1.2:  The principal elements of the geology in Iceland, outlining the distribution of the major geological subdivisions, 
including the main fault structures and volcanic zones and belts. RR, Reykjanes Ridge; RVB, Reykjanes Volcanic Belt; WVZ, 
West Volcanic Zone; MIB, Mid-Iceland Belt; SISZ, South Iceland Seismic Zone; EVZ, East Volcanic Zone; NVZ, North 
Volcanic Zone; TFZ, Tjörnes Fracture Zone; KR, Kolbeinsey Ridge; ÖVB, Öræfi Volcanic Belt; and SVB, Snæfellsnes Volcanic 
Belt. Letters enclosed by filled black circles indicate axes of anticlines and synclunes refered to in the text, where B 
and H indicate the Borgarfjörður and Hreppar anticlines and S and H the Snæfellsnes and Víðidalur synclines.  
Modified from Thordarson (2012) 
 
     Over the course of a two-week field class in Iceland focusing on volcanism and glaciation, 
samples of Icelandic rhyolites were collected in various environments across southern Iceland.  
The class took place in five main locations, as we worked our way back to Reykjavík from the 
eastern fjords.   
 
Bređdalsvik 
 
     The village of Bređdalsvik in the eastern fjords was our first stop.  Since it is no longer an area 
of active volcanism, it allowed us to look at the older basalt flows on the island.  Two rhyolite 
samples were collected here over the course of several days.   
     The first sample collected was from the Skessa Tuff, an ignimbrite from a rhyolite eruption 
~10Ma (Figures, 1.3,1.4).  The welded tuff outcrop was exposed along the bank of a river flowing 
east into Berufjörđur.  The sample (ST) contains a fiamme, a collapsed and flattened pumice 
chunk the result of heat and pressure from the pyroclastic flow which created of Iceland’s 
largest rhyolitic ignimbrite. 
 
 
 
 
 
 
 
 
 
 
 
              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Generalized geological map of a portion  of eastern Iceland  (after Jo´ hannesson  and Sæmundsson, 
1989) showing the distribution  of major rock types, locations of intrusions and central volcanoes, and selected lava 
orientations  from Walker (1963, 1974). Dashed  curve outlines the A´ lftafjo¨ rdur mafic dike swarm where 
dikes make up greater than 8 percent (by volume) of the crust (Walker, 1963).   
Skessa Tuff located within the red circle.  Modified from Neuhoff et a. 1999 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
Figure 1.4:  Eastern Iceland near Breiđdalsvik 
Sample Collected along riverbank in valley 
      
The second sample collected (CD) was a rhyolite from the interior of the Streitisvarf composite 
dyke, which was emplaced just south of Bređdalsvik (Figure 1.5).  The dike, which we observed 
extensively during our field class, has long been an area of study for Thor Thordarson, one of the 
professors who taught the class.  The margins of the dyke are basaltic, while the core of the dike 
is rhyolitic (Figure 1.6). 
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Figure 1.5 (Askew et al. 2014)  Dyke show by red line, X marks sample 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6:  Streitisvarf composite dike with felsic core and mafic margins 
Hof 
     After leaving Bređdalsvik, we stayed in Hof, a small village close to the collection point of my 
third sample (OP).  The eruption of Öræfajökull in 1362 was one of the largest plinian 
eruptions in recorded Icelandic history, releasing ~10km3 of rhyolitic tephra.  The 
stratovolcano’s location on the southern extremities of Vatnjökull is shown below (Figure 1.7).  
Due to its location beneath a glacier, most of the volcano is composed of pillow basalts and 
hyaloclastite breccia.  However, 99% of tephra released in 1362 was rhyolitic, including the 
pumice sample that I collected (Figure 1.8).  The mantle plume axis lies directly beneath 
Vatnjökull and Öræfajökull and is responsible for its magmatic activity (Selbekk and Trønnes 
2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7:  Active Volcanic Systems in Iceland (Thordarson 2012)  Öræfajökull—Site 25; Torfajökull—Site 17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8  Pumice fall banks from Öræfajökull 1362 eruption.  Sample collection along stream bank
Landmannalaugar 
  
     My finial three Icelandic rhyolite samples were collected within the Eastern Volcanic 
Zone around Landmannalaugar (Figure 1.2).  Rift-generated magmatic activity here is 
responsible for the largest rhyolitic body in all of Iceland.  Two of these samples were 
gathered from the Kirkjafell lava dome within the Torfajökull central volcano (Figures 
1.7,1.9).  The dome formed beneath a glacier ~40ka.  Sample TK1 is a devitrified rhyolite 
while TK2 is a porphyrhitic vitrophyre, and both samples were gathered in the same 
location. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9:  Sample collecting on the slopes of Kirkjafell  
 
 
     The final sample was collected in Landmannalaugar from the Laughraun flow of 1477.  
This flow, unlike the surrounding area, has remained unaltered from extensive geothermal 
activity in the region.  The flow (Figure 1.10), which lies directly next to Landmannalaugar, 
a small hiking outpost in south-central Iceland, blankets much of the surrounding hills, and 
in some areas forms walls of obsidian up to 6 meters high.  Obsidian from the flow was 
later collected during a backpacking trip and was used for chemical analysis. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10:  Laughraun flow of 1477, looking into Landmannalaugar 
 
 
 
Valles Caldera, New Mexico 
 
 
     In the fall semester of 2014, I went to the Valles Caldera in Jemez Springs, New Mexico 
(Figure 1.11) as part of an igneous field petrology course. This massive caldera is one of 
three supervolcanoes in North America, including the Long Valley Caldera in California and 
the Yellowstone Caldera in Wyoming, that have had giant rhyolitic eruptions in the last 1.1 
million years. The Valles Caldera formed 1.1 Ma (Boliver and Goff 1983), with its initial 
eruption creating extremely thick pumice and ignimbrite formations due to its massive 
size.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.11:  Location of the Valles Caldera in New Mexico.(Boliver and Goff 1983) 
 
 
 
 
The caldera (Shown in Figure 1.12) is located where the margin of the Rio Grande Rift 
intersects the Jemez Lineament—a series of crustal faults that runs SW-NE from Arizona 
through Colorado (Figure 1.11).  Melting caused by decompression from continental rifting 
generated basaltic magma, which pooled below the caldera and melted the felsic crust after 
passing through the crustal weaknesses of the Jemez Lineament.  Although the Bandelier 
Tuff (Figure 1.13), formed by the eruption of the Valles Caldera 1.1Ma, was by far the 
biggest eruption, several other eruptions, flows, and resurgent domes have formed in the 
caldera as recently as ~10ka. 
     The oldest sample, BT1, was a pumice erupted in the initial 1.1Ma eruption of the Valles 
Caldera.  It underlies the Bandelier tuff because it was the first thing extruded during the 
eruption.  The pumice was collected on the north side of state road 502, east of Los Alamos, 
east of the caldera (Figure 1.14) 
     Another pumice sample, BT2, was collected at the southern edge of the Valles Caldera 
(Figure 1.14).  It was the result a smaller eruption of the Valles Caldera ~53 ka (Toyada et 
al. 1995).   
     After passing through the caldera, we went to the southwest of it, where I collected three 
more samples.  The first was the Banco Bonito Rhyolite (BT3), a moat rhyolite that erupted 
34.0 ± 4.2 ka(Goff and Lepper 2007) to the south of Redondo Peak (Figures 1.12, 1.15).   
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.12:  Overhead view of the Valles Caldera 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
Figure 1.13:  The Bandelier Tuff at Bandelier National Monument  (National Park Service Photograph) 
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Figure 1.14:  Birdseye view of sample collection sites.  Bandelier National Monument at yellow X 
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Figure 1.15:  Banco Bonito Rhyolite is a member of the Tewa Group.  Location at X  (Bailey et al. 1995) 
 
Battleship Rock, to the south of the Banco Bonito in San Diego Canyon, was where I 
collected my final two samples (Figure 1.16).  The top and bottom margins of the mountain 
are composed of non-welded tuff that brackets a welded tuff in the center.  The mountain 
overlies Pennsylvanian age sediments unlike most volcanics in the region.  It is a result of 
an ignimbrite erupted ~59ka (Toyada et al. 1995). I collected a piece of welded tuff that 
contained several fiammes from the middle of the mountain (BSM1).  From the top of the 
mountain, I collected another pumice sample (BSM2) from the non-welded tuff. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.16:  Battleship Rock 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter II:  Petrochemistry 
 
Iceland: 
 
Skessa Tuff 
 
     The Skessa Tuff is located in the Breiđdalur region of eastern Iceland near the small 
fishing village of Breiđdalsvík.  The tuff is a result of a massive pyroclastic flow erupted 
during a large plinian eruption near the base of Mt. Röndúlfur.  The ignimbrite released by 
the eruption is the largest known ignimbrite in Iceland, covering an area of 430 km2 and a 
volume of 4 km3.  It is speculated that the eruption may have triggered the growth of the 
Breiđdalur central volcano (figure 2.1), the upper rim of which can be seen from the 
Bređdalvík area (Thordarson 2012). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1:  Bređdalur central volcano.  Skessa tuff included in felsic volcanic rocks (Thordarson 2012) 
 
     The ignimbrite is segregated into two types of rock:  welded and unwelded tuff.  This 
segregation is based on temperature differences within the pyroclastic flow.  At the center 
of the flow, the temperatures were high enough to weld together pieces of tephra and 
flatten pumice fragments into fiamme.  ST, the sample collected in the area, is an example of 
this welded tuff with a fiamme fragment included.  The cooler margins of the flow were not 
hot enough to fuse together, resulting in an unwelded tuff.  The approximate distributions 
of the two types are shown below (figure 2.2).  Based on a small percentage of basalt clasts 
within the Skessa Tuff and the dyke complexes that bracket the Breiđdalur volcano, it is 
thought that the intrusion of basaltic magma initiated the plinian eruption (Thordarson 
2012), a trait that is may be shared with several eruptions of Torfajökull. 
 
 
      (a)     (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2:  (a) Approximate distribution of welded vs. unwelded tuff  (b)  Injection of mafic magma  
initiated plinian eruption (c)  Internal structure of ignimbrite—ST sample is a vesicular welded tuff 
(Modified from Thordarson 2012) 
 
 
Petrology 
 
     The sample collected, ST, was unique in terms of mineral assemblage of the samples 
collected in this study.  Due to the lack of pyroxene, amphibole, biotite, and olivine 
phenocrysts, the electron microprobe was not utilized to analyze the sample, which is 
primarily composed of opaques and glass.  However, the thin section made from this 
sample is the only one of the eleven that contains a fiamme.  The transition between the 
green host rock and the fiamme can be seen in figure 2.3 below.  Zeolite minerals have 
filled in vesicles in the fiamme (figures 2.4, 2.5), a result of regional zeolite metamorphism 
in the area.  Iron oxides tend to surround the margins of these zeolite minerals.  A variety of 
zeolites are displayed in the region, but the likelihood of chlorite presenting as a zeolite 
mineral  (figure 2.6) increases proportionally to metamorphic grade (Neuhoff et al. 1999).  
 
 
 
 
            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Transition between host rock (left side)  Figure 2.4: Zeolite within vesicle(cross polarized) 
 and fiamme with increased vesicles (right side). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5:  Zeolite within vesicle (cross polarized) Figure 2.6:  Chlorite zeolite displaying anomalous 
         interference colors (cross polarized) 
 
 
 
Geochemistry 
 
     Although the electron microprobe was not utilized, trace element geochemistry was still 
analyzed through chemical analysis in the LEGs laboratory, shown in table 1 below. 
 
samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
ST fiamme 1546 4 4 262 DL 78 319 805 43 488 59 13.2 1.9 6.8 2.1 
ST host 2693 4 5 609 DL 74 93 630 47 248 69 7.6 5.1 6.8 1.3 
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
 ST fiamme 29.3 105.2 9.04 36.4 9.71 3.08 14.6 1.70 9.63 1.86 5.38 0.74 4.80 0.68 
 ST host 45.5 146.1 14.2 54.5 13.9 3.76 21.2 2.20 11.6 2.17 6.36 0.84 5.72 0.74 
  
Table 1:  Trace elements in ppm 
 
 
Streitishvarf Composite Dyke 
  
     The Streitishvarf Composite Dyke is located in eastern Iceland, in the Breiđdalur region.  
While the dyke stretches for roughly north to south for 15 km, the most studied outcrop 
lies at Streitisvarf, just south of Breiđdalsvík (Figure 1.5).  During our field class, we spent a 
full day on the northern edge of the fjord examining and measuring the composite dyke, as 
Professor Thordarson has long studied it.   
     The dyke, which is 10.7 ± 0.2 Ma, measures roughly 26 meters across, and is divided into 
three main parts:  a dolerite margin, a rhyolite core, and an intermediate transition zone 
(Figure 2.7).  Geochemical analysis of the margins, core, and transition zone show that the 
mafic margin and felsic core were emplaced simultaneously, and the transition zone, 
composed of Icelandite, was created by the mixing of the two. (Askew et al. 2014).  The 
rhyolitic magma was created by a combination of anatexis and fractional crystallization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7:  Structure of composite dyke (Askew et al. 2014) 
Petrology 
     CD, the sample collected from the rhyolitic core, contains an enclave of basaltic magma, 
thought to be included into the rhyolite post or syn-intrusion (Askew et al. 2014).  The 
transition between the enclave and the rhyolite is shown below (figure 2.8).  Glass, 
plagioclase, and clinopyroxene compose the groundmass of the mafic enclave (figure 2.9) 
that surrounds clinopyroxene phenocrysts (figure 2.10) and quartz xenocrysts (figure 
2.11).  Less clinopyroxene is found in the groundmass of the rhyolitic portion of the sample 
(figure 2.12), and sparse orthopyroxene phenocrysts (figure 2.13) are also present in 
addition to clinopyroxene and quartz 
 
 
 
 
 
 
 
 
 
 
           
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Transition between basalt enclave (top)   Figure 2.9: Mafic enclave groundmass (cross polarized) 
                    and rhyolite (bottom) 
 
 
 
 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10:  Clinopyroxene crystals exhibiting     Figure 2.11:  Quartz crystals exhibiting undulatory 
simple twinning (cross polarized)     extinction and rimmed in clinopyroxene (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             
         
 
 
 
 
 
 
 
Figure 2.12:  Groundmass of CD rhyolite (cross polarized)       Figure 2.13:  Orthopyroxene (cross polarized) 
 
 
Geochemistry 
 
     Bulk rock X-Ray Fluorescence was performed by Askew et al. on samples from different 
zones on the dyke, the results of which are shown below in figure 2.14. Chemical analysis of 
both the rhyolite portion and mafic enclave of CD were done in the LEGS laboratory at the 
University of Colorado.  Results shown below in table 2 can be compared to results from a 
similar study shown in table 3 (Martin and Sigmarsson 2010). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14 (Askew et al. 2014) 
 
 
samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
CD white 1341 6 8 246 0.3 123 11 107 114 169 128 12.3 5.3 14.4 3.8 
CD dark 6935 28 47 776 0.1 68 153 128 120 158 67 7.4 5.7 7.2 2.3 
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
 CD white 14.5 46.3 7.38 34.1 12.7 0.91 18.5 3.30 19.7 4.14 12.7 1.75 11.4 1.57 
 CD dark 16.5 46.4 7.04 32.7 10.8 1.45 16.1 2.85 17.1 3.57 10.7 1.48 9.70 1.40 
  
Table 2:  Trace element geochemistry  of CD;  white = rhyolite, dark = mafic enclave 
 
Table 3:  Trace element geochemistry of Streitishvarf Composite Dyke 
1a from rhyolite, 1b from mafic enclave (Modified from Martin and Sigmarsson 2010) 
 
     The electron microprobe was also used to analyze the sample, the results of which are 
shown in the appendix, and are weighed in the discussion section.  Pyroxenes analyzed 
from the sample were augites. 
 
 
Öræfajökull 1362 
 
 
     Öræfajökull is a stratovolcano in southern Iceland, located on the southwestern 
extremity of both the Vatnjökull glacier and the NE trending Eastern Volcanic Flank Zone 
(Figure 1.2).  Magma here is generated at the Eastern Volcanic Flank Zone, which lies 
directly above the axis of the mantle plume that is beneath Iceland.  The volcano, which 
marks the highest topographic point on the island, lies beneath a glacier, and as a result of 
numerous phreatomagmatic eruptions, is primarily composed of subglacial pillow lavas 
and hyaloclastite tuff ranging from mafic to silicic rocks.   
     The 1362 eruption, was one of the largest plinian eruptions in recorded Icelandic 
history, releasing ~10km3 of tephra.  Tephra layers from the eruption are recognized as far 
as Scandanavia, Ireland, and Greenland, and the 0.1 cm isopach has an area of 300,000 km2 
(Selbekk and Trønnes 2006).  The rhyolitic eruption has raised some controversy on 
whether the silicic magma was generated by the anatexis of pre-existing hydrothermally 
altered basaltic crust, by crystal fractionalization, or by a combination of the two.  It is 
thought that only a fraction of a much larger, zoned magma chamber was erupted 
     The sample I collected and analyzed was a fist size pumice fragments, although the 
tephra ranges from fine ash to accretionary lapilli to larger pumice bombs.  Lithic 
fragments were also ejected in the beginning stages of the eruption as the vent stabilized.   
 
Petrology  
     The pumice is primarily composed of glass and vesicles, which along with opaques, 
highlight a flow texture (figure 2.15). Clinopyroxenes (Figure 2.16) as well as plagioclase 
(Figure 2.17) were present in thin section as phenocrysts.  
samp # Rb Sr Ba Y Zr Nb Hf Th  U 
     
Streit 1a 121.0 63.3 111 128 197 103 12 12.1 3.84 
     
Streit 1b 22.5 221 68.5 79.9 148 25 4.9 --- --- 
     
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm  Yb Lu 
Streit 1a 14.9 50.2 7.5 36.3 13.7 0.93 16.2 3.3 22.4 4.3 13.5 2.1 12.2 1.8 
Streit 1b 17.9 48.4 7 31.3 10.2 2 12.2 2.4 13 2.4 7.1 1 5.4 0.86 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15:  Flow texture with vesicles and opaques         Figure 2.16:  Clinopyroxene phenocrysts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
  
         Figure 2.17:  Plagioclase phenocrysts (Cross polarized) 
 
 
 
 
Geochemisty 
 
Results from an ICP-MS analysis performed at LEGS laboratory at the Univeristy of 
Colorado are below in table 4.  This information is comparable with data from an X-ray 
fluorescence analysis of multiple pumice samples, shown in table 5 (Selbekk and Trønnes 
2006).    
 
samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
OP 1869 11 7 750 0.7 79 59 591 101 724 77 18.3 6.0 10.8 3.8 
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
 OP 90.0 200.5 24.0 94.9 19.1 3.66 30.7 3.41 18.8 3.72 11.7 1.59 10.0 1.53 
  
Table 4:  Trace element geochemistry.  Abundances shown in ppm 
 
    Sample                                                                           1σ 
 
    1            3            5            8            9            12 
 
   SiO2             70.3       70.4       70.0       70.0       70.3       69.9     0.19 
   TiO2                0.25       0.26       0.26       0.26       0.26       0.26   0.00 
   Al2O3          13.1       13.1       13.1       13.2       13.0       13.1     0.07 
   FeOt                3.37       3.38       3.35       3.32       3.38       3.41   0.03 
   MnO         0.10       0.10       0.10       0.10       0.10       0.10   0.00 
   MgO         0.02       0.02       0.02       0.03       0.01       0.02   0.01 
   CaO          1.06       1.07       1.08       1.12       1.06       1.10   0.02 
   Na2O        5.55       5.57       5.60       5.64       5.57       5.55   0.03 
   K2O          3.28       3.31       3.28       3.23       3.30       3.25   0.03 
   P2O5                0.02       0.02       0.02       0.02       0.02       0.02   0.00 
   LOI           1.46       1.49       1.51       1.58       1.39       1.78   0.14 
   Sc             2            3            2            2            3            1        0.8 
   V              6            6            7            7            6            6        0.5 
   Co             2            2            3            3            2            3        0.6 
   Ni             3            4            4            4            4            4        0.4 
   Cu             5            5            6            4            6            3        1.2 
   Zn         152        150        149        146        151        149        2.1 
   Ga           30          31          31          31          31          30        0.5 
   Rb           73          77          77          73          76          74        1.9 
   Sr            61          62          67          72          61          67        4.4 
   Y           114         119        120         114        120         112        3.6 
   Zr          737        756        741        737        757        745        9.0 
   Nb          79          82          82          80          83          78        2.0 
   Ba         624        621        613        624        623        621        4.2 
   Hf           17          16          16          16          16          16        0.4 
   Ta             3            9            5            8            4          10        2.9 
   Pb             9            8          10            9            9          10        0.8 
   Th           12          12          10           11          10           11        0.9 
   U              3            2            5            4            5            4        1.2 
 
. 
             Table 5: X-Ray Fluorescence analysis of pumice (Selbekk, Trønnes 2006) 
   Oxides shown in weight %, trace elements in ppm 
 
 
 
     The electron microprobe was used on pyroxenes in this sample, which are ferroaugites 
and hedenbergites.  Although the microprobe was not used on other crystals, previous 
studies show that plagioclase feldspar crystals are oligoclase and albite, while opaques are 
titanomagnetite and ilmentie. Studies have also shown the presence of fayalite within the 
Öræfajökull pumice, but my thin section shows none, but this is likely due to the relative 
scarcity of the olivine (Selbekk and Trønnes 2006). 
 
 
 
 
 
Torfajökull Central Volcano 
 
     The Torfajökull central volcano is located in south central Iceland, at the intersection of 
the Southern Flank Zone and the Eastern Rift Zone (Figure 1.2).  The central volcano, which 
forms an asymmetric caldera (30 km across on its long axis), is the largest exposure of 
silicic material in all of Iceland.  80% of the extrusives, which cover a 450km2, area are 
silicic, creating a volume of 225km3 of rhyolites (Gunnarsson et al. 1998).   
     Sub-glacially formed rhyolite domes compose the majority of silicic extrusives in the 
Torfajökull area, including the samples I collected at Kirkjafell (Figure 1.9).  Some 
hypothesize that several eruptive stages of the caldera have been initiated by the lateral 
injection of tholeiitic magmas from the Veidivötn fissure swarms, which explains the 
presence of olivine phenocrysts within some Torfajökull rhyolites (Blake 1984).  Despite 
the frequency of studies centered on Torfajökull, there are disagreements on the 
mechanism for its magma genesis.  Drastically depleted δ18O ratios in caldera rhyolites 
compared to those of underlying basalts show that the fractional crystallization could not 
be solely responsible.  Prevailing theories on the generation of felsic Torfajökull magmas 
generally include the following combination of mechanisms: fractional crystallization of 
basaltic magmas, the re-melting of hydrothermally altered basalts, anatexis of basalts, or 
partial melting and collection of pre-existing silicic rocks that were created through 
multiple generations of fractional crystallization, crustal assimilation, and hydrothermal 
alteration.  Whatever the process or combination of processes, it is likely that a multistage 
evolution of silicic magmas from oceanic crustal basalts.  Overtime, as these processes 
compounded, a larger proportion of silicic material was able to occur, resulting in such a 
large volume of rhyolites (Gunnarsson et al. 1998). 
 
 
 
Petrology 
  
     Two samples were collected from the Torfajökull area, both from the Kirkjafell lava 
dome, which formed ~40ka (Thordarson).  Sample TK2 is a porphyrhytic vitrophyre, 
exhibiting clear flow texture (figure 2.18), while sample TK1 is a devitrified equivalent of 
TK2, primarily composed of a devitrified fibrous ground mass (figure 2.19).  Both samples 
include numerous phenocrysts within their groundmasses.  While plagioclase composes 
the majority of phenocrysts (figure 2.20) and make up a good portion of the TK2’s 
groundmass, anorthoclase (Figure 2.21), clinopyroxene (Figures 2.22, 2.23), fayalite olivine 
(Figures 2.24, 2.25), ilmenites, magnetites, and zircons are also present.  
 
 
 
 
 
 
  
 
 
 
          
       
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18:  Flow texture in TK2                               Figure 2.19:  Devitrified Fibrous Groundmass 
           (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.20:  Plagioclase Phenocrysts (Cross Polarized)               Figure 2.21:  Anorthoclase phenocrysts 
                   (Cross Polarized) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.22: Clinopyroxene phenocrysts                 Figure 2.23: Clinopyroxenes (Cross Polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.24:  Fayalite Olivine (Cross Polarized)                         Figure  2.25:  Zoned Clinopyroxene with Fayalite 
                     (Cross Polarized) 
 
 
Geochemistry 
Utilizing ICP-MS analysis from the LEGS laboratory, trace element abundances were 
calculated for both TK1 and TK2 (Table 6) and were compared with the results from a 
Table 7 (Gunnarsson et al. 1998).  The electron microprobe was also utilized to analyze 
ferroaugite clinopyroxenes and fayalite olivines from these samples. 
 
lab # samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
9014 TK2 115.1 247.5 29.3 108.8 23.0 4.18 36.6 4.00 20.1 3.94 11.8 1.56 10.3 1.42 
9017 TK1 155.4 285.2 36.0 141.1 27.9 4.51 46.4 4.97 25.1 4.77 15.1 1.97 12.0 1.76 
Table 6:  Trace Elements in ppm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7:  Chemical Analysis from Gunnarsson et. al 1998 
 
 
lab # samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
9014 TK2 1929 8 10 892 0.7 92 37 496 104 804 174 21.7 6.6 14.4 4.1 
9017 TK1 2099 3 5 1050 0.5 96 34 505 131 889 188 23.9 7.2 15.8 4.6 
Laugahraun  
      The Laugahraun flow was erupted during the fifteenth century at the intersection of the 
Veidivötn fissure swarm and the Torfajökull magma chamber (Blake 1984).  The flow, 
located in Landmannalauger (figure 1.10), is primarily obsidian.  However, one of the 
samples collected here (LL), is potentially basalt based on chemical analysis.  An obsidian 
sample was also collected in the area, but was only used for ICP-MS analysis. 
 
Petrology 
     LL, is a vesicular scoria sample, that is predominantly composed of glass and vesicles 
which form a flow texture (figure 2.26).  The dark brown color of the glass may represent a 
higher iron content, which would provide further evidence that this sample is basalt.  
Plagioclase phenocrysts (figures 2.27, 2.28) and clinopyroxene phenocrysts (figure 2.29) 
are also present throughout the sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.26:  Flow texture     Figure 2.27:  Plagioclase phenocryst  
              (Cross Polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.28:  Zoned plagioclase    Figure 2.29:  Clinopyroxene phenocryst  
       (Cross Polarized)          (Cross Polarized) 
 
 
Geochemistry 
 
     ICP-MS analysis was done at the LEGS laboratory at the University of Colorado on 
sample LL and the obsidian sample collected in Landmannalauger.  Results are shown 
below in table 8 and can be compared with data from another study from table 9 (Blake 
1984). 
 
samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
LL 2812 4 7 786 0.8 101 108 458 61 713 119 17.9 8.5 14.8 4.3 
obsidian 2083 3 4 2041 1.0 126 18 576 172 1772 288 42.7 11.3 22.5 6.5 
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
 LL 88.8 178.5 19.5 68.6 13.5 2.47 23.5 2.26 11.8 2.27 7.08 0.94 6.25 0.88 
 obsidian 190.8 408.5 48.2 178.8 39.2 9.62 64.0 7.06 35.7 6.75 20.3 2.69 17.1 2.40 
  
Table 8:  Trace element geochemistry.  Abundances shown in ppm 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Table 9:  Geochemistry of Laugahraun samples shown under LG4 
Oxides shown in weight percent; Trace elements shown in ppm (Blake 1984) 
 
The electron microprobe was used on the clinopyroxenes of LL.  Results are shown below 
in the appendix.  Initial examination of the data shows the clinopyroxenes are augites. 
 
Valles Caldera: 
 
Bandeleir Tuff:  Tshirege Member 
 
     The Tshirege Member of the Bandeleir Tuff was erupted ~1.1 Ma (Boliver and Goff 
1983) in the eruption that formed the Valles Caldera.  The upper portions of the Tshirege 
Member form the cliffs of the Bandeleir National Monument (Figure 1.13).  The Tsankawi 
Pumice Bed, an air fall deposit that marked the earliest stages of the massive eruption, 
underlies these famous cliffs (Broxton and Reneau 1995).  A sample of the Tsankawi 
Pumice was collected east of the Valles Caldera, just outside of Los Alamos, New Mexico 
(Figure 1.14). 
 
 
 
 
Petrology 
 
     The sample BT1, is a pumice composed almost entirely of glass and vesicles, which form 
a clear flow texture (figure 2.30).  This sample’s thin section contains less phenocrysts than 
any other sample collected.  While most of the phenocrysts are plagioclase and quartz 
(figures 2.31, 2.32), a small amount of clinopyroxene is also present (figure 2.33).  
Feldspars exhibiting simple twinning are also present (figure 2.34), but since the electron 
microprobe was not used on feldspars, it is not possible to determine whether these 
crystals are alkalai or plagioclase feldspars 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.30:  Flow texture with opaques and vesicles            Figure 2.31:  Altered plagioclase phenocryst  
                    (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.32:  Quartz pheocryst (cross polarized)   Figure 2.33:  Clinopyroxene phenocryst (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.34:  Feldspar phenocryst showing simple  
twinning (cross polarized) 
 
 
Geochemistry 
 
     The sample underwent ICP-MS analysis at the LEGS laboratory at the University of 
Colorado.  Trace element abundance results are shown in table 10.  The electron 
microprobe was also utilized on the clinopyroxenes of this sample, which are ferroaugites.  
Microprobe results are shown below in the appendix. 
 
 
 
 
 
Table 10:  Trace element geochemistry of BT1, abundances shown in ppm 
 
 
 
Bandeleir Tuff:  The El Cajete Member 
 
     The El Cajete Member of the Bandeleir Tuff was erupted ~53ka from a vent on the 
southern edge of the Valles Caldera in New Mexico (figure 2.35).  The member was created 
from a smaller, post-caldera forming eruption that created an air fall deposit as well as 
pyroclastic flow and surge deposits (Toyoda et al 1995).  BT2, the sample collected to the 
on the southern edge of the caldera (figure 1.14), is a pumice from this air fall deposit.  
Inclusions of the Battleship Rock Member within the pyroclastic surge deposits prove that 
it predates the El Cajete Member, which makes the El Cajete my second youngest sample 
collected from the Valles Caldera, after the Banco Bonito rhyolite. 
 
samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
BT1 938 6 3 591 9.8 342 7 12 90 254 193 12.0 39.2 39.7 14.8 
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
 BT1 37.6 88.4 10.3 39.1 10.5 DL 18.3 2.45 14.6 2.93 9.64 1.35 9.47 1.39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.35:  Location of the El Cajete Member (Toyoda et al. 1995) 
 
 
Petrology 
 
      This pumice sample is predominantly composed of glass and vesicles shown in figure 
2.36.  Phenocrysts of plagioclase, amphibole, and biotite are common in the thin section 
(Figures 2.37-2.39), while lesser amounts of clinopyroxene and orthopyroxene occur 
(Figures 2.40-2.41).  Apatite is also present as an accessory mineral (Figure 2.42). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.36:  Vesicles and flow texture  Figure 2.37:  Plagioclase phenocryst showing sieve  
            texture (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.38:  Amphibole phenocryst            Figure 2.39:  Biotite phenocryst showing birds eye extinction  
    (cross polarized)        in the center of grain (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.40:  Clinopyroxene phenocryst    Figure 2.41:  Orthopyroxene phenocryst  
     (cross polarized)         (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                   Figure 2.42:  Apatite crystal (cross polarized) 
 
 
 
 
 
Geochemistry: 
 
The sample was analyzed using both chemical analysis and the electron microprobe.  
Pyroxenes and amphiboles were analyzed using the electron microprobe, results from 
which are shown below in the appendix.  Clinopyroxenes from BT2 are augites and 
diopsides, depleted in iron, while orthopyroxenes from the sample are hypersthenes, also 
depleted in iron.  Chemical analysis was also used to acquire trace element geochemistry 
for the sample (table 11). 
 
 
Table 11:  Trace element geochemistry for BT2, abundances shown in ppm 
 
 
 
 
 
       
 
 
samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
BT2 2292 18 11 388 3.7 129 203 563 21 102 35 3.3 15.3 16.9 4.9 
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
 BT2 34.3 64.1 6.18 19.9 4.98 1.52 8.99 0.62 3.64 0.65 2.50 0.28 2.56 0.33 
 
Banco Bonito Rhyolite 
 
     The Banco Bonito Rhyolite is a moat rhyolite formed from a relatively recent (and 
smaller) post caldera eruption of the Valles Caldera in Jemez Springs, New Mexico (Figures 
1.11, 1.12, and 1.15).  The age of the Banco Bonito Rhyolite is uncertain, and has been 
tested over 10 times by various parties utilizing different methods such as fission track 
dating, 40Ar/39Ar isotope dating, electron spin resonance, and cosmogenic 21Ne analysis.  
More recent attempts to date the baked contact between the rhyolite and the underlying 
sediments using optically stimulated luminescence dating have also failed to resolve the 
question of the Banco Bonito eruption, but averages of baked sand and silt contacts bring 
the rhyolite age to 34.0 ± 4.2 ka, which is consistent with more recent investigations which 
utilized ESR and 21Ne methods (Goff and Lepper 2007).  The relative ages of Valles Caldera 
eruption are shown below in figure 2.43. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.43: Chronology of eruption events of the Valles Caldera 
(Bailey et. al 1995) 
 
Petrology 
  
     The Banco Bonito rhyolite is a porphyrhitic vitrophyre that exhibits flow texture (figure 
2.44), a result of fast cooling of the flowing magma.  The vitrophyre contains abundant 
plagioclase phenocrysts with sieve texture (Figure 2.45).  Amphiboles (likely hornblende), 
biotites, and clinopyroxenes also compose a large amount of the phenocrysts (Figures 2.46-
2.48), while orthopyroxene, quartz, and opaques are present in much smaller 
concentrations (Figures 2.49, 2.50) 
 
        
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
   
     Figure 2.44:  Flow texture           Figure 2.45:  Plagioclase exhibiting sieve texture 
                    (cross polarized) 
 
 
             
    
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 2.46:  Basal amphibole phenocryst        Figure 2.47:  Biotite phenocryst showing 
birds-showing 60/120 cleavage (cross polarized)              eye birefringence (cross polarized)  
 
            
 
 
 
 
 
 
 
 
 
 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.48:  Clinopyroxene phenocryst         Figure 2.49:  Quartz phenocryst (cross polarized) 
     (cross polarized) 
 
 
 
 
 
 
         
 
 
 
 
   
 
 
        
 
 
 
 
 
 
        Figure 2.50:  Orthopyroxene phenocryst (cross polarized) 
 
 
 
Geochemistry 
 
 The sample was analyzed in the LEGS laboratory at the University of Colorado to 
determine trace element abundance in ppm (Table 12).  The results can be compared with 
those of Spell et al. (Table 13) 
 
samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
BT3 2348 19 10 385 3.8 142 168 537 22 95 37 3.2 16.1 17.8 4.9 
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
 BT3 36.3 67.2 6.47 20.5 4.97 1.44 10.2 0.69 3.76 0.71 2.48 0.32 2.65 0.33 
  
Table 12:  Trace element abundance of Banco Bonito rhyolite in ppm 
 
 
 
 
samp # Cr Cs Rb Sr Ba Y Zr Nb Hf Pb Th 
BT1 BB 7.8 4.9 155 163.6 520 29.9 135 38.3 4.7 21 20.9 
samp # La Ce Nd Sm Eu Tb Yb Lu 
   BT1 BB 35.6 68 21 3.8 0.519 0.60 3.33 0.533 
    
Table 13:  (Spell et al. 1993): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 14:  Major element abundances in weight percent (Spell et al. 1993) 
 
 
 
The electron microprobe was also used to analyze biotites, amphiboles, and pyroxenes.  
Results are below in the appendix and discussion of the results will be in the analysis.  
From initial examination, clinopyroxenes are augites and orthopyroxenes are 
hypersthenes. 
 
 
 
 
SiO2 74.2 
TiO2 0.29 
AlO3 13.24 
FeO 1.82 
MnO 0.06 
MgO 0.67 
CaO 1.49 
Na2O 3.85 
KO 4.36 
PO 0.07 
LOI 0.85 
Total 100.11 
 
Battleship Rock Member 
 
     The Battleship Rock Member of the Valles Rhyolite is the result of  a rhyolitic ash flow 
that lies southwest of the Valles Caldera in the San Diego Canyon of Jemez Springs, New 
Mexico (figure 2.51).  The ignimbrite, which overlies Permian and Pennsylvanian aged 
sedimentary rocks, was dated using ESR methods, and was erupted from the Valles Caldera 
~59  Ma (Toyoda et al. 1995). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.51:  Location of Battleship Rock, indicated by red arrows (Spell et al. 1993) 
 
     At Battleship Rock (figure 1.16), the formation is segregated based on the temperature of 
the pyroclastic flow.  The top and bottom of the formation are non-welded tuff, but the 
center, which was at a higher temperature, is a welded tuff.  Sample BSM1 was collected 
from the center of the formation, while sample BSM2, a pumice chunk, was collected from 
the top.  The exact location of the eruptive vent that produced the pyroclastic flow is 
unknown, but it is thought to be located near El Cajete based the similarity between the 
petrology of the Battleship Rock Member and the El Cajete and Banco Bonito Members 
(Bailey et al. 1995). 
 
Petrology 
 
     The welded tuff sample (BSM1) is primarily composed of glass, which forms a flow 
texture (figure 2.52).  While the thin section, unlike ST, contains no fiammes, multiple lithic 
fragments are present (figure 2.53).  The bulk of the phenocrysts are plagioclase, quartz, 
and amphibole (figures 2.54-2.56), with lesser amounts of anorthoclase, clinopyroxene, 
and orthopyroxene (figures 2.57-2.59). 
 
 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             
 
          Figure 2.52:  Flow texture            Figure 2.53:  Lithic fragment (Darker portion on left) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.54:  Plagioclase phenocryst showing sieve  Figure 2.55:  Quartz phenocryst (cross polarized) 
           texture (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.56:  Basal amphibole phenocryst showing Figure 2.57:  Anorthoclase phenocryst showing  
                     60/120 cleavage                         tartan twinning (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.58:  Clinopyroxene phenocryst   Figure 2.59:  Orthopyroxene phenocryst  
                   (cross polarized)         (cross polarized) 
 
 
      The pumice sample, BSM2, was collected at the top of Battleship Rock from the 
unwelded tuff.  Presumably, the lighter pumice chunk was riding along the top of the 
pyroclastic flow, away from the hot center where it would have been heated and flattened 
into a fiamme.  It is primarily composed of glass and vesicles, which show a strong flow 
texture (figure 2.60).  The assemblage of phenocrysts in this sample is similar to that of 
BSM1, dominated by plagioclase, biotites, and amphiboles (figures 2.61-2.63) with lesser 
quantities of clinopyroxenes and orthopyroxes (figures 2.64, 2.65).  However, unlike 
sample BSM1, quartz and anorthoclase are absent, but this could just be an issue of 
probability since only one thin section was made. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.60:  Flow texture with stretched vesicles                      Figure 2.61:  Plagioclase phenocrysts showing 
                sieve texture (cross polarized) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.62:  Biotite phenocrysts (cross polarized)  Figure 2.63:  Amphibole phenocrysts showing 
              60/120 cleavage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Figure 2.64:  Clinopyroxene phenocryst           Figure 2.65:  Orthopyroxene phenocryst  
                  (Cross polarized)     (Cross polarized) 
 
 
Geochemistry 
 
     Chemical analysis of both the fiamme and the host rock was conducted at LEGS 
laboratory at the University of Colorado.  Results for trace element geochemistry are in 
table 15. 
 
 
 
Table 15:  Trace element abundances in ppm; BSM1F = Fiamme, BSM2M = Host Rock 
 
 
The electron microprobe was also utilized on clinopyroxe, orthopyroxene, and amphibole 
crystals within the two samples.  The clinopyroxenes analyzed were iron poor augites, and 
the orthopyroxenes are hypersthenes.  Results of the microprobe data are below in the 
appendix. 
 
 
 
 
 
   
 
samp # Ti* Ni Cr Mn Cs Rb Sr Ba Y Zr Nb Hf Pb Th U 
BSM1F 2442 19 10 387 3.7 138 219 563 21 94 35 3.2 17.5 16.8 4.8 
BSM1M 2612 23 15 429 4.6 138 193 529 24 90 39 3.1 14.5 17.4 5.3 
samp # La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
 BSM1F 34.5 64.0 6.15 19.9 4.85 1.45 8.92 0.66 3.51 0.64 2.49 0.31 2.64 0.32 
 BSM1M 40.3 77.5 8.08 26.6 6.00 1.64 11.3 0.82 4.15 0.72 2.84 0.34 2.85 0.41 
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Chapter III:  Discussion and Conclusions 
 
     In an effort to further understand the processes that generated the rhyolites introduced 
above, trace element geochemistry was further analyzed.  Below in figures 3.1 and 3.2, 
plots of trace elements and rare earth elements, both normalized to primitive mantle 
abundances, are shown respectively.  Using this information, as well as Rb vs. Sr and Zr vs. 
Sr plots, I will examine patterns within the Valles Rhyolites, Icelandic Rhyolites, and 
differences between the two locations in an attempt to see the influence that volatiles, 
fractional crystallization, and partial melting had on the distribution of trace elements 
within the different samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1:  Trace element abundances normalized to primitive mantle 
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Figure 3.2:  Rare earth element abundances normalized to primitive mantle 
 
 
Valles Rhyolites: 
 
     From the ICP-MS results, it is easily noticeable that sample BT1, the Tshirege member of 
the Bandelier Tuff, is an outlier among the Valles rhyolites.  For this reason, it was plotted 
as a blue line in figures 3.2 and 3.3 so the differences between it and the remaining Valles 
samples could be more easily distinguished.  Since the Tshirege member is a basal pumice 
bed, it can be assumed that it is composed of the magma that erupted first, from the top of 
the chamber.  Figures 3.2 and 3.3 show several distinct patterns between the Tshirege 
Member and the other Valles samples, many which overlap with models composed in a 
previous study of compositional zonation of silicic magma chambers (Hildreth 1981). 
 Using enrichment factor trends of trace elements in early/late stage eruptions of the 
Bishop Tuff, Hildreth made several hypotheses concerning the mechanisms that result in 
the compositional differentiation of magma chambers.  Despite the fact that BT1 and the 
other samples occurred in separate eruptions, here I will treat BT1 as an early eruptive 
member and the other samples (BT2, BT3, BSM1 and BSM2) as late eruptive members.  
Correlative patterns between my results and those of Hildreth are as follows: 
 Enrichment in Heavy Rare Earth Elements:  
As shown in figure 3.2, there is not a significant disparity in light rare earth element 
abundance between early and late stages of eruptions of the Valles Caldera.  Contrastingly, 
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there is a pronounced increase in heavy rare earth elements (HREE) in the early eruptive 
member from the top of the magma chamber.  From this, the role of crystal settling can be 
dismissed as a driving force in the chemical zonation of the magma chamber, because the 
denser REE would be expected to be sequestered in early forming, dense crystals that 
would settle to the lower regions of the magma chamber, leaving LREE at the top of the 
chamber.  Since this pattern is not present, crystal settling can be discarded as the 
mechanism for chemical zonation.   
 Depletion of Ba and Sr 
Decreased roofward abundances of Ba and Sr within Valles rhyolites also supplies further 
reasoning against crystal settling driving chemical zonation.  For this depletion to occur, 
unrealistic crystal fractionalization would have to occur, removing phenocrysts that would 
not be compatible with the underlying rhyolitic magma in the chamber.  This Ba and Sr 
depletion is emphasized in figure 3.3, which shows a marked increase in Rb/Sr in BT1 
compared to the remaining Valles samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 (External=previously published data) 
 
 
The roofward depletion of Ba and Sr also shows that partial melting, as a mechanism for 
compositional differentiation of magma, is unlikely.  Barium and strontium values expected 
from the partial melting of feldspar-rich rocks, such as those present in the continental 
crust encompassing the Valles Caldera, would be much higher than those shown by BT1.  
This is not to say that partial melting of the continental crust was not involved at the Valles 
Caldera—decompression melting through extension created basaltic magmas, which then 
partially melted the overlying continental crust, creating the silicic magma, which was then 
chemically zoned through a different process. 
 Enrichment of Rb, U, Th, Zr, Nb, Hf, Y 
As partial melting and crystal fractionalization are ruled out, Hildreth suggests liquid-state 
differentiation as the primary mechanism for the chemical zonation of silicic magma 
chambers.  A temperature gradient within the magma chamber causes the diffusion of 
water and other volatiles down this gradient.  Through this process, an ascending boundary 
layer brings water and volatiles to the top of the magma chamber, which may be the first 
order process for transporting trace elements (Figure 3.4).  Chlorine-rich magmas would 
result in the roofward enrichment of Rb, U, Th, Zr, Nb, Hf and Y via this mechanism, a 
pattern shown by the Valles rhyolites.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4:  Liquid-state differentiation of a magma chamber. (Hildreth 1981) 
Rising boundary layer brings water and other volatiles to the top via thermogravitational differentiation 
 
 
 
Figure 3.5, shown below, depicts the similar enrichment factors in the early/late eruptions 
of the Bishop Tuff.  Data from my Valles samples fits well with this figure and logic from 
Hildreth’s work in compositional zonation of silicic magma chambers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5:  Enrichment factors of trace elements in early/late eruptions of the Bishop Tuff.   
Pattern correlates well my data from the Valles Caldera eruptions BT1/Later eruptions (Hildreth 1981) 
 
Icelandic Rhyolites: 
     The Icelandic samples, unlike those from Valles, do not have a distinct outlier in terms of 
normalized trace elements.  No rhyolites from Iceland represent multiple stage eruptive 
events of the same magma chamber, so relationships of trace element abundances do not 
reflect the chemical zonation of magma chambers through liquid-state differentiation as 
they do in the Valles Caldera.   
     Normalized rare earth elements show Eu depletion amongst Icelandic samples (Figure 
3.2), although this deficit is falsely exaggerated due to error in the ICP-MS analysis that 
created an apparent positive Ga anomaly.  A negative Eu anomaly may signify the 
plagioclase being removed from the melt.  Plagioclase removal may occur as the melt is 
differentiated, removing plagioclase (And with it Eu), through crystal fractionalization, or it 
could simply be left behind during the anatexis of parent rock.  This is the most obvious 
trend amongst Icelandic samples, although depletion in Ba and Sr within some samples 
potentially illustrates the crystal fractionalization of potassium feldspars, which would pull 
those elements from the melt in a similar manner. 
     Further evidence of crystal fractionalization amongst the Icelandic samples is shown by 
the progressive pattern of change from lower overall REE and higher SR to higher overall 
REE with lower Sr. 
 
Icelandic vs. Valles Rhyolites 
     While it is hard to discern exactly what proportion of anatexis and crystal 
fractionalization formed the Icelandic samples, figures 3.1, 3.2, 3.3, and 3.6 clearly 
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distinguish them from the Valles rhyolites, which formed via partial melting of the 
continental crust.  Microprobe analysis illuminates a divergence in clinopyroxene 
chemistry, and along with differences in mineral phases present in the samples, further 
emphasizes that the Valles rhyolites and Icelandic rhyolites formed through different 
processes.  
     Even so, two trends amongst the chemical analysis data may serve to highlight more 
specific variations between the two sample groups. 
 Relative depletion of HREE among Valles rhyolites   
As seen in figure 3.2, normalized HREE element abundances are considerably lower among 
Valles samples than in Icelandic ones.  A potential reason for this separation is the presence 
of garnet in the continental crust of the Valles Caldera region.  HREE are compatible in 
garnets, which, if present in the parent rock that was partially melted, would sequester 
HREE in the residual rock and prevent it from entering the melt.  Assuming this theory is 
true, the data depicts that the Valles rhyolites were most likely formed in the presence of 
garnet.   
*This is also illustrated by a negative Y anomaly, although this pattern is present, but less 
clear in figure 3.1.  
 Differences in Zr abundance 
Most Icelandic rhyolite samples (TK1, TK2, OP, LL, Obsidian) show higher Zr/Sr ratios than 
the Valles samples (Figure 3.6).  Since zircon crystals sequester Zr, it is possible that these 
continental rhyolites formed in the presence of zircons.  The residual material not included 
in the melt would therefore be enriched in zircons.  While the ICP-MS results show that this 
may have been the case in a few Icelandic samples, it is more apparent for all of the Valles 
samples, perhaps demonstrating the presence of zircons within the source rock for the 
melt of the Valles Caldera magma chamber.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 
An alternative, and more probable, explanation for the relative enrichment of Zr in 
Icelandic rhyolites is closed system crystal fractionalization.  In open system crystal 
fractionalization, as the magma chamber is undergoing fractionation, it is frequently 
replenished with undifferentiated magma.  For closed systems, this replenishment does not 
occur, and the magma body fractionates without being chemically perturbed, allowing a 
greater enrichment of Zr to build within the melt as it is incompatible in the residual rock 
(Stern 1979).  It is important to note that periods of closed system fractionation may 
alternate with occasional replenishment of undifferentiated magma, allowing for multiple 
generations of silicic rock to form via closed system fractionation.  Due to relatively slow 
rates of magma production in the spreading centers of Iceland, periods of intermittent 
closed system fractionation are entirely possible. 
 
 
Potential Methods 
 
     Unfortunately, resource and time restrictions inhibit greater certainty on any of the 
results in this study.  That being said, if these restrictions did not exist, there are other 
approaches that I could use to further understand the question at hand. 
 Major Element Abundances 
     While I was able to obtain trace element abundances for my samples, major element 
abundances were not found.  If major element abundances were available for my study, I 
would primarily examine the proportion of K2O:Na2O within my samples.  The anatexis of 
more silicic rocks, or the silicic contamination and subsequent crystal fractionalization of a 
basaltic magma, would result in a higher amount of K within the resultant rhyolites, a 
pattern that would be expected in the Valles samples, but not necessarily in Icelandic 
rhyolites, which are typically low in K and potassium feldspars (Carmichael 1964).   
 Examining Surrounding Rock 
     Concerning the depletion of HREE and Zr in the Valles rhyolites relative to the Icelandic 
rhyolites, the collection and chemical analysis of surrounding rock units would be helpful 
to defend or refute theories regarding these depletions.  Based on HREE depletion of Valles 
samples (Figure 3.2), it is possible that the presence of garnets during the formation of the 
magma sequestered HREE, causing the extruded rhyolites to be depleted.  If samples of the 
source rock that underwent partial melting to form the extruded magma could be collected, 
they could be examined for garnets to determine whether this theory is correct.  Zr 
depletion could likewise be a result of the presence of zircons in the source rock, which if 
collected could be compared with my current samples to see if abundant zircons in the 
source rock caused this Zr depletion.  That being said, it is more likely that Zr was not 
lowered in the Valles Caldera rhyolites, but instead that it was raised in Icelandic rhyolites 
due to closed system fractionation. 
     Regarding the Icelandic rhyolites, the underlying residual rock could be examined at 
each location to search for a Zr depletion.  If a Zr depletion, but not a relative Zr abundance 
is present in the residual rock, it would further support closed system fractionation as the 
probable mechanism behind the formation of Icelandic rhyolites.  Examining the residual 
surrounding rocks of both the Valles and Icelandic samples would help me deduce which of 
these processes is dominant in creating this discrepancy in Zr abundance.  That being said, 
as Zr is incompatible, it would preferentially enter the melt, and therefore the rhyolite 
samples, so other information could be gathered to support closed system fractionation. 
 Microprobe Use 
     Due to limitations in microprobe use, I was not able to analyze feldspar phenocrysts 
within my samples.  Feldspar compositions would be useful in determining the genesis of 
Icelandic rhyolites—the presence of potassium feldspars could be indicative of anatexis.  
Without using the microprobe, it is impossible to distinguish whether a simply twinned or 
zoned feldspar crystal is a plagioclase or a sanadine phenocryst, which slightly hindered 
the petrologic description of my thin sections 
 Isotope Geochemistry 
     Previous studies involving the genesis of silicic rocks in Iceland have utilized isotope 
geochemistry, such as 143Nd/144Nd, as a tool to characterize the source of silicic magmas.  
This information would better allow me to determine how anatexis played a role in the 
generation of different Icelandic rhyolites (Martin and Sigmarsson 2010). 
 
Conclusions 
 
     Although this study was not sophisticated enough to make any groundbreaking 
conclusions, it did provide some insight into the genesis of island rhyolites.  Data collected 
from ICP-MS and electron microprobe analysis highlighted differences in geochemistry 
between Icelandic and Valles rhyolites, confirming that island and continental rhyolites 
form through different processes.  Zr enrichment and REE/Sr patterns show extreme 
closed system crystal fractionalization is the likely mechanism for generating Icelandic 
rhyolites, as opposed to the anatexis that forms continental rhyolites. 
     In terms of geochemical differences within Icelandic rhyolites, it is probable that varying 
degrees of anatexis and fractionation are responsible, although an isotope geochemistry 
study would help to further this theory. 
    The only geochemical outlier within Valles rhyolites was BT1, the Tshirege member of 
the Bandelier Tuff.  Since it is a basal pumice, it was extruded first in the caldera-forming 
eruption, meaning that the magma that created it was at the top of the magma chamber.  
The geochemistry of the Tshirege member shows that liquid state differentiation, as 
opposed to anatexis or fractionation, was the mechanism that caused the chemical zonation 
of the magma chamber.  The enrichment of certain trace elements within the Tshirege 
member makes it possible that the magma was Cl-rich. 
     Additional studies of the surrounding residual rocks in both the Valles and Icelandic 
rhyolite collection sites would be useful to determine what caused both geochemical 
differences between the two groups and within them. 
 
     
Other Considerations 
 
     Above all, this project has been an eye-opening introduction to the process of advanced 
petrologic and geochemical studies.  During the early stages of this project, I was unaware 
of just how meticulous and precise every step of the process must be to even give the 
chance of reaching a clear and reasonable conclusion.  After examining a plethora of 
publications regarding this topic, it became clear that having abundant samples and data is 
a must when conducting this type of study.  If I had the ability to start from scratch, I would 
collect numerous samples of each rock type, as opposed to having a single sample for each.  
Many of my samples were also pieces of float as opposed to being from the main body of a 
rock unit, which was often unavoidable due to time limitations, but is another weakness in 
my study.  Taking multiple pictures of each sample collection site would be another way to 
improve upon this study. 
     The collection of a microgranite in Iceland also would have bolstered my study.  During 
our field class, we observed a microgranite below Eystrahorn, a mountain on the southern 
coast of the island, which would have been an ideal sample to collect.  If I had collected a 
sample, comparing its geochemistry with those of continental granites, abundant in 
Colorado, could have given me more insight into the creating of silicic rocks in Iceland. 
     Making only one thin section per sample, in hindsight, is another misstep that I have 
made, as it greatly decreases the likelihood of seeing every mineral phase present in the 
rock.  Phenocrysts are so sparse in many of my pumice samples that I would be shocked if I 
saw every mineral phase that was actually present throughout the whole hand sample.  
Once again, time and budgetary restrictions on lab time for an undergraduate honors thesis 
makes the thought of having many times more thin sections an unreasonable desire. 
     Additionally, I learned that the carbon coating needed for electron microprobe analysis 
is impossible to remove entirely from the thin sections.  In the future, I will know to take 
thin section pictures before using the microprobe, so that small blobs of carbon are not 
present in my micrograph photos. 
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Figure A.1:  Ternary plot of pyroxene chemistries from electron microprobe analysis  
 
 
 
 
 
 
 
 
 
Iceland Pyroxenes 
  
CaSiO3 FeSiO3 MgSiO3 Label 
38.33973129 35.26338238 26.39688633 TK2 Cpx1 
42.88366665 44.77216063 12.34417272 TK2 Cpx2 
41.81511542 40.68725625 17.49762833 TK2 Cpx3 
0.689682666 96.14096635 3.169350981 TK2 Olivine 
42.86779192 45.25318141 11.87902668 TK2 Cpx4 
38.43769374 14.7189502 46.84335607 CD Mafic Cpx1 
39.45395015 13.89945078 46.64659907 CD Mafic Cpx2 
38.78330977 13.01502539 48.20166483 CD Mafic Cpx3 
37.46898263 14.36104218 48.16997519 CD Mafic Cpx4 
37.01674753 17.67621433 45.30703814 CD Silicic Cpx1 
35.94004894 13.31566069 50.74429038 CD Silicic Cpx2 
35.46158677 15.73686414 48.80154909 CD Silicic Cpx3 
35.52008239 18.86714727 45.61277034 CD Silicic Cpx4 
39.2337969 24.41353975 36.35266334 LL Cpx1 
0.44731417 66.81317826 32.73950757 LL Olivine1 
39.4970567 14.18981721 46.3131261 LL Cpx2 
43.77240842 21.82385035 34.40374123 LL Cpx3Needle 
42.08584494 22.45894824 35.45520682 LL Cpx4 
44.4501568 51.31355714 4.236286052 OP Cpx1 
45.1503321 51.16868631 3.680981595 OP Cpx1 part2 
41.1122145 51.64375686 7.244028642 TK1 Cpx1 
42.99224806 47.05426357 9.953488372 TK1 Cpx2 
    
Valles Caldera Pyroxenes 
  
CaSiO3 FeSiO3 MgSiO3 Label 
2.072725402 27.13058684 70.79668775 BT2 Opx1 
45.75626531 14.04678789 40.1969468 BT2 Cpx1 
1.891518839 29.41567405 68.69280712 BT2 Opx2 
26.35414845 21.6722057 51.97364585 BSM1 Cpx1 
43.26790016 14.28424991 42.44784993 BSM1 Cpx2 
2.339181287 25.63437579 72.02644292 BSM1 Opx1 
43.80724608 14.39039284 41.80236108 BT3 Cpx1 
43.8988696 13.45377473 42.64735567 BT3 Cpx2 
2.825521497 26.80165247 70.37282603 BT3 Opx1 
42.74259034 14.63662201 42.62078766 BSM2 Cpx 1 
2.361202992 23.36267874 74.27611826 BSM2 Opx 1 
44.74833611 14.04430116 41.20736273 BSM2 Cpx 2 
44.41984774 48.03196372 7.548188543 BT1 Cpx1 
41.18184751 50.61296914 8.205183353 BT1 Cpx2 
 
 
Table A.1:  Electron microprobe pyroxene analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
